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The n a t u r a l  r a d i a t i o n s  encountered dur ing  a space miss ion  w i l l  f a l l  

i n t o  one of f i v e  c a t e g o r i e s .  There w i l l  be Van Allen b e l t s ,  g a l a c t i c  
cosmic r a d i a t i o n s ,  s o l a r  winds,  s o l a r  f l a r e s ,  and photon r a d i a t i o n s .  
Each type  of r a d i a t i o n  i s  examined from the  p o i n t  o f  view of t h e  Apollo 
program and the  a s s o c i a t e d  lunar  l o g i s t i c s  v e h i c l e ,  b u t  w i th  some com- 
ments po in t ing  t o  extended missions i n  space ,  t o  determine the  importance 
which should be a s s igned  t o  each c l a s s .  - 
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rem - 
DEFINITIONS 

R e l a t i v e  b i o l o g i c a l  e q u i v a l e n t  (RBE) dose equal  
numer ica l ly  t o  the  product  of the  absorbed dose i n  
r a d s  by an  agreed convent ional  va lue  of t h e  RBE. The 
RBE i s  taken wi th  r e s p e c t  t o  a p a r t i c u l a r  form of 
r a d i a t i o n  e f f e c t  when the  s t anda rd  of comparison is  
r a d i a t i o n  having a LET of 3 Kev/micron d e l i v e r e d  a t  a 
r a t e  of about  10 radlmin.  

r ad  - u n i t  of absorbed r a d i a t i o n  equal  t o  100 ergs/gram. 

roentgen  - u n i t  of exposure dose of X- o r  y - r a d i a t i o n  such t h a t  
. t h e  a s s o c i a t e d  corpuscular  emission pe r  0.001293 grams 

of a i r  produces,  i n  a i r ,  ions  ca r ry ing  one e l e c t r o -  
s t a t i c  u n i t  of q u a n t i t y  of e l e c t r i c i t y  of e i t h e r  s i g n .  

LET - (Linear  Energy Trans fe r )  - The energy l o c a l l y  absorbed 
per  cent imeter  of pa th  i n  a i r .  One LET equa l s  about  
3 Kevlmicron. 

iv  
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SUMMARY 

The n a t u r a l  r a d i a t i o n s  encountered dur ing  a space miss ion  w i l l  f a l l  
i n t o  one of f i v e  c a t e g o r i e s .  There w i l l  be Van Al l en  b e l t s ,  g a l a c t i c  
cosmic r a d i a t i o n s ,  s o l a r  winds,  s o l a r  f l a r e s ,  and photon r a d i a t i o n s .  
Each type of r a d i a t i o n  i s  examined from t h e  p o i n t  of view of t h e  Apollo 
program and t h e  a s s o c i a t e d  luna r  l o g i s t i c s  v e h i c l e ,  bu t  w i t h  some com- 
m e n t s  po in t ing  t o  extended miss ions  i n  space ,  t o  determine the  importance 
which should be ass igned  t o  each c l a s s .  

I. INTRODUCTION 

Radia t ion  which w i l l  b e  encountered dur ing  any s p e c i f i c  e x t r a -  
t e r r e s t r i a l  miss ion  may be  d iv ided  i n t o  f i v e  b a s i c  types.  These a r e  
( a )  Van Al l en  r a d i a t i o n s ,  from p a r t i c l e s  of v a r i o u s  e n e r g i e s  t rapped  
i n  t h e  magnetic f i e l d  of a p l a n e t ,  (b) g a l a c t i c  cosmic r a d i a t i o n s ,  
which a r e  extremely high energy p a r t i c l e s  o r i g i n a t i n g  o u t s i d e  our  
s o l a r  system, ( c )  t h e  " s o l a r  wind," which i s  a k i n e t i c  flow of  p a r t i c l e s  
from t h e  sun vary ing  wi th  s o l a r  a c t i v i t y ,  (d)  s o l a r  f l a r e s ,  which a r e  
g i g a n t i c  "explosions" seen on the photosphere of t h e  sun and which 
a p p a r e n t l y  cause an e j e c t i o n  of high energy p a r t i c l e s ,  and ( e )  s p e c t r a l  
i r r a d i a t i o n ,  which i s  the  photon f l u x  from the  sun and may t h e r e f o r e  
cause i n d i r e c t  r a d i a t i o n  problems by i o n i z a t i o n .  

Still ano the r  type of r a d i a t i o n  w i l l  b e  encountered (assuming 
passive s h i e l d i n g )  which may be of more s i g n i f i c a n c e  than any of those  
mentioned above. This  r a d i a t i o n  i s  t h e  secondary p a r t i c l e s  produced 
when h igh  energy p r imar i e s  are absorbed i n  t h e  s h i e l d i n g  m a t e r i a l s .  
Along wi th  t h i s  w i l l  be X-rays r e s u l t i n g  from bremsstrahlung.  The 
e x a c t  amount of r a d i a t i o n  r e s u l t i n g  from t h i s  secondary e f f e c t  i s  no t  
e a s i l y  c a l c u l a t e d  s i n c e  it depends upon t h e  type of material used i n  
the  s h i e l d i n g ,  t h e  energy of t he  primary r a d i a t i o n ,  e t c .  
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I n  t h e  preceding paragraph,  we mentioned t h a t  we a r e  assuming pas-  
s i v e  s h i e l d i n g .  Act ive s h i e l d i n g  appears  t o  have taken an extremely 
s i g n i f i c a n t  s t e p  forward s i n c e  the  development of the superconduct ing 
magnet, b u t  s i n c e  much ref inement  and exper imenta t ion  as  y e t  remains t o  
be done, we may conclude t h a t  pass ive  s h i e l d i n g  m u s t  be  used a t  p r e s e n t .  

11. VAN ALLEN RADIATION BELTS 

The Van Allen r a d i a t i o n  b e l t s  were f i r s t  observed by the  s a t e l l i t e  
Explorer  I i n  1958, and i t s  e x i s t e n c e  w a s  s h o r t l y  confirmed by Explorer  111 
and Sputnik 111 observa t ions .  Professor  James Van Allen had conducted 
both  experiments on Explorers  I and I11 and determined t h a t  t he  observed 
da ta  ind ica t ed  the  e x i s t e n c e  of charged p a r t i c l e s  t rapped by the  magnet ic  
f i e l d .  

Over the  y e a r s ,  the  Van Al len  b e l t  has  been mapped and re f inements  
have been made i n  t h e  v a r i o u s  zones [ l ]  u n t i l  f i n a l l y  t h e  p i c t u r e  of an 
inner  and o u t e r  zone emerged wi th  p a r t i c l e s  of e n e r g i e s  l i s t e d  i n  Table I. 
Table I i s  g iven  i n  the  B-L coord ina te  system, where B i s  the magnitude 
of the  magnetic induct ion ,  and L i s  the e q u a t o r i a l  d i s t a n c e  t o  the  d i p o l e  
f i e l d  l i n e  about  which the p a r t i c l e s  a r e  s p i r a l i n g .  

I n  a d d i t i o n  t o  t h e  n a t u r a l l y  occurr ing  r a d i a t i o n  zones , high  
a l t i t u d e  nuc lea r  explos ions  have e j e c t e d  h igh  energy p a r t i c l e s  which 
d i s t o r t  the e x i s t i n g  zones. Fo r tuna te ly ,  however, the  a r t i f i c i a l l y  
c r e a t e d  b e l t s  decay r a t h e r  r a p i d l y  i n  the  o u t e r  zones l eav ing  a more 
l a s t i n g  nucleus of h igh  energy p a r t i c l e s  conta ined  wi th in  the  l i m i t s  of 
t h e  n a t u r a l  r a d i a t i o n  zone. 

It has been found t h a t  v e h i c l e s  i n  a r e l a t i v e l y  l o w  c i r c u l a r  e a r t h  
o r b i t  (200-600 km) w i l l  r e c e i v e  an i n s i g n i f i c a n t  amount of r a d i a t i o n  
from the  Van Al len  zones; however, a v e h i c l e  w i th  an  e c c e n t r i c  o r b i t  
o r  one which has  a r e l a t i v e l y  h igh  c i r c u l a r  o r b i t  r e c e i v e s  a much h igher  
f lux .  For example, a s a t e l l i t e  i n  a synchronous o r b i t  over t h e  equator  
w i l l  be very c l o s e  t o  the  cen te r  of the o u t e r  Van Al l en  zone. 

Methods a r e  now under development t o  determine the  optimum tra-  
j e c t o r i e s  ( i n  terms of dose r a t e s )  t o  be used f o r  v a r i o u s  miss ion  pro- 
f i l e s .  I f  t h i s  method proves s u c c e s s f u l ,  t he  miss ion  may be made more 
complicated due t o  the  s p e c i f i c a t i o n  of a pa th  t o  be fol lowed through 
t h e  Van A l l e n  zones. 

The Van Al len  zones va ry  d i u r n a l l y  as the magnetosphere. Since on 
t h e  sunward s i d e  of t he  e a r t h  the  magnetosphere i s  f l a t t e n e d  and con- 
densed,  the p a r t i c l e s  which a r e  t rapped by the magnetic l i n e s  of f o r c e  
a r e  a l s o  f l a t t e n e d .  A t  the  n a d i r ,  however, the  magnetosphere i s  e lon-  
g a t e d ;  t h e r e f o r e ,  the  zones of t rapped p a r t i c l e s  a r e  a l s o  s t r e t c h e d .  
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It has been d iscovered  t h a t  the  boundary of  the  magnetosphere 
i t s e l f  con ta ins  a g r e a t  number of charged p a r t i c l e s ,  a p p a r e n t l y  due 
t o  t h e  flow of the s o l a r  wind. 

There have been a number of t h e o r i e s  proposed regard ing  how the  
Van A l l e n  b e l t s  a r e  maintained,  and how they l o s e  par t ic les .  It has 
been f a i r l y  w e l l  e s t a b l i s h e d  t h a t  protons a r e  l o s t  t o  t h e  b e l t s  by 
t h e i r  i n t e r a c t i o n  wi th  atmospheric  c o n s t i t u e n t s .  Table 2 shows the  
range  which p ro tons  have i n  aluminum [ 4 ] .  Elec t rons  i n  t h e  Van Al l en  
b e l t s  a r e  probably  l o s t  by s c a t t e r i n g  due t o  coulomb f o r c e s .  

Severa l  mechanisms have been i n v e s t i g a t e d  t o  determine how the  
p a r t i c l e s  are  maintained i n  t h e  b e l t s .  One theory  [ 3 ]  sugges t s  t h a t  
s o l a r  p a r t i c l e s  may be a b l e  t o  e n t e r  t he  magnetosphere a t  t h e  p o l a r  
r e g i o n s .  Such a theory  could be accep tab le  f o r  t h e  o u t e r  b e l t ,  b u t  
t h e  i n n e r  b e l t  r e q u i r e s  a d i f f e r e n t  exp lana t ion .  One p o s s i b i l i t y  i s  
t h a t  t h e  i n n e r  b e l t  i s  due t o  the  decay of neu t rons ,  b u t  t h e s e  may 
only  account  f o r  t he  r e l a t i v e l y  high energy p a r t i c l e s .  

S ince  the atmospheric  d e n s i t y  in t h e  exosphere v a r i e s  markedly wi th  
t h e  s o l a r  c y c l e ,  it should no t  be s u r p r i s i n g  t o  f i n d  t h e  p a r t i c l e  f l u x  
va ry ing  i n v e r s e l y  wi th  t h e  s o l a r  cycle .  

The Van A l l e n  zones should b e  of cons ide rab le  consequence as a 
r a d i a t i o n  hazard  t o  space v e h i c l e s .  

TABLE 1 
VAN ALLEN RADIATION BELT 

Heart of Inne r  Zone (L - 1.4, B =" 0.12, a l t  = 3600 km) 

P a r t i c l e  

Pro tons  

E l e c t r o n s  

E l  e c  t r o n s  

E 1 e c t r o n s  

E 1 e c tr ons 

Pro tons  

Pro tons  

Pro tons 

Energy Flux - 
(E > 30 MeV) 

(E > 600 Kev) 

(E > 40 Kev) 

- 3 x 1 o 4 k m 2  sec - 2 x 106/cm2 sec - 108/cm2 sec 

Hear t  of Outer Zone (L - 3.5, a l t  = 25,000 km) 

(E > 40 Kev) 

(1.5 < E  < 5 MeV) 

(0.1 < E  < 5 MeV) 

(E > 1 MeV) 

(E > 75 MeV) 

- 1 0 7 k m 2  sec 

- 104/cm2 s e c  

- 108/cm2 s e c  

- 1o7lCm2 s e c  - 0.1/cm2 sec 
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TABLE 2 

RANGES OF PROTONS IN ALUMINUM 

Energy (Mev) 

1 o2 

101 

10" 

Rangcl (gm/ cm2> 

10.5 

1 . 7  x 10-1 

3.5 x 10'" 

111. GALACTIC COSMIC RADIATION 

The r a d i a t i o n  with the  h i g h e s t  energy per  p a r t i c l e  encountered i n  
o u t e r  space w i l l  undoubtedly be the  g a l a c t i c  cosmic r a d i a t i o n s .  S ince  
t h e  f l u x  of t hese  p a r t i c l e s  i s  r e l a t i v e l y  low, t h e  r a d i a t i o n  problem 
w i l l  n o t  be a s  s i g n i € i c a n t  a s  f o r  p a r t i c l e s  wi th  lower ene rg ie s  and 
h ighe r  f lux .  ?'he ene rg ie s  of tlrcse p a r t i c l e s  w i l l  u s u a l l y  exceed one 
b i l l i o n  cllectron v o l t s  (1 Bev) and  as  a r e s u l t  may produce secondar i e s  
which will be of  more concern than the primary r a d i a t i o n  i t s e l f .  

G a l a c t i c  cosmic r a d i a t i o n  e x h i b i t s  a tendency t o  va ry  i n v e r s e l y  
wi th  t h e  s o l a r  cyc le .  This  has  been a t t r i b u t e d  t o  the  s o l a r  magnet ic  
f i e l d  l i n e s  which a re  c a r r i e d  o u t  from t h e  sun f a r t h e r  dur ing  h ighe r  
s o l a r  a c t i v i t y  per iods .  Since t h e  cosmic r a y  p a r t i c l e s  a re  charged,  
they a re  d e f l e c t e d  by these  magnet ic  l i n e s  of fo rce .  A s  t he  s o l a r  
a c t i v i t y  per iod dec reases ,  t h e  " i n t e r p l a n e t a r y  l i n e s  of magnet ic  force"  
become weaker and the  r e s u l t i n g  d e f l e c t i o n  of p a r t i c l e s  becomes less .  
Thus, fewer p a r t i c l e s  a re  excluded from t h e  s o l a r  s y s t e m .  

A v a r i a t i o n  ve ry  s imilar  t o  t h i s  i s  the  27-day v a r i a t i o n  with 
t h e  solar cyc le .  This  i s  due t o  the  reappearance  of sunspots  t h a t  
have long l i n e s .  These i n t e r p l a n e t a r y  magnetic l i n e s  of f o r c e  e x h i b i t  
v a r i a t i o n s  wi th  the sunspot  groups.  S ince  the  mean r o t a t i o n a l  pe r iod  
of the sunspot  r eg ion  is  approximately twenty-seven days ,  the 27-day 
pe r iod  exh ib i t ed  by the  cosmic r a y s  is  cons idered  t o  be a d i r e c t  
r e s u l t  . 

The f i n a l  v a r i a t i o n  noted i n  t h e  f l u x  of cosmic r a y s  r each ing  Llie 
e a r t h  i s  known as  the  Forbush decrease .  The Forbush dec rease  i s  a 
s i g n i f i c a n t  decrease  i n  f l u x  of cosmic r a y s  i n c i d e n t  on t h e  e a r t h  
fol lowing a solar f l a r e .  A dec rease  of  approximately 30% of t h e  f l u x  
has  been noted and the  recovery  t i m e  fo l lowing  the  dec rease  i s  u s u a l l y  
from one t o  two days.  This  phenomenon i s  cons idered  t o  be  caused by 
t h e  e j e c t i o n  of a v a s t  p l a s m a  cloud,  This  cloud i n  t u r n  c a r r i e s  
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magnet ic  l i n e s  of f o r c e  away from t h e  s u r f a c e  of the sun. When t h e  
cloud r eaches  the  e a r t h ,  t he  cosmic r a y s  suddenly decrease  due t o  the 
presence  of t he  magnetic l i n e s  of fo rce .  A t  about  t he  s a m e  t i m e ,  the  
beginning of a magnetic storm takes p l ace  a s  w e l l  a s  the  o t h e r  a s soc -  
i a t e d  geomagnetic d i s tu rbances .  

P a r t i c l e s  reaching  t h e  e a r t h  w i l l  p e n e t r a t e  t he  magnetic f i e l d  
to a c e r t a i n  depth depending upon the  r i g i d i t y ,  R ,  e x h i b i t e d  by the  
par t ic les .  R i g i d i t y  i s  simply the r a t i o  of the p a r t i c l e ' s  momentum 
to  i t s  charge ,  

where p i s  the  momntum ( i n  u n i t s  of Bev/c) ,  c i s  the v e l o c i t y  of 
l i g h t ,  Z i s  t h e  atomic number, e i s  u n i t  charge,  and the  r e s u l t i n g  
R i s  i n  b i l l i o n  v o l t s .  I f  we examine the  formula and assume a uni- 
fern. 1.7~locity for n a r t i r l p c  nf 2 n 1 7  maqc, we see that  R increases as 
we go up the  atomic scale ,  s i n c e  the  mass i n c r e a s e s  f a s t e r  than does 
Z e .  Then h ighe r  mass p a r t i c l e s  w i l l  p e n e t r a t e  deeper  i n t o  t h e  magnetic 
f i e l d  of t h e  e a r t h  than w i l l  t h e  lower mass p a r t i c l e s .  A g e n e r a l i z e d  
t a b l e  of composition f o r  g a l a c t i c  cosmic r a d i a t i o n  is  found i n  Table 3 .  

r-- ------ J 

The energy range  f o r  t hese  p a r t i c l e s  ranges  from a few Mev up to 
a t  l e a s t  10l2 Mrv w i t h  t h e  average energy i n  the  v i c i n i t y  of 4 x 10" Mev. 

Desp i t e  the  h igh  e n e r g i e s  which the  g a l a c t i c  cosmic r a y s  e x h i b i t ,  
t h e r e  w i l l  be l i t t l e  b i o l o g i c a l  hazard dur ing  s h o r t  t e r m  miss ions  due 
t o  t h i s  r a d i a t i o n .  On longer  missions the s i t u a t i o n  may change due t o  
t h e  cons t an t  accumulat ion of t he  r a d i a t i o n .  

TABLE 3 
COMPOSITION OF GALACTIC COSMIC PARTICLES 

Par  t i c l  es 

Protons  

F lux  (R 2 4 . 5  bv) Percent  

.- . 77 /cm2-sec  - 84% 
- 

Alpha P a r t i c l e s  - .Il/cm*-sec - 14% 

Carbon, Ni t rogen ,  Oxygen" -v . O09/cm2-sec - 1% 

z 1 1 0  - .002 /  cm2-sec - 0.25% 

'v 1% Gamma Radia t ion  and Electrons"" --- 

f; May be a f a l s e  i n d i c a t i o n  from measurements made i n  t h e  atmosphere.  
;h'c Some space  experiments  have i n d i c a t e d  t h a t  l a r g e r  f l u x e s  of g a m a  

r a y s  and h igh  energy e l e c t r o n s  may a c t d a l l y  e x i s t  i n  t h e  g a l a c t i c  
spectrum. 
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IV. THE SOLAR W I N D  

I n  i n t e r p l a n e t a r y  space the  surrounding p l a s m a  w i l l  have some 
!c ine t ic  v e l o c i t y  clue t o  the  high temperatures  i n  the  corona. A t  pre-  
s e n t  t h e r e  is  some evidence t o  sugges t  t h a t  t he  corona e x h i b i t s  a 
"breathing" e f f e c t  which v a r i e s  d i r e c t l y  wi th  the  eleven-year  s o l a r  
cyc le  per iod .  This  seems t o  be borne out  when one observes  the  d e n s i t y  
and v e l o c i t y  v a r i a t i o n s  of t he  p l a s m a  flow dur ing  minimum and maximum 
suns p o t a c t  i v  i t y  . 

During the minimum sunspot  a c t i v i t y  a t  the  e a r t h ' s  d i s t a n c e  from 
the  sun,  the mean d e n s i t y  of the s o l a r  wind i s  approximately lo2  p a r t i c l e s  
per  cm';' t r a v e l i n g  a t  a v e l o c i t y  of 500 k i lome te r s  per  second. This r e s u l t s  
i n  an average p a r t i c l e  f l u x  of about  5 x l o 9  p a r t i c l e s / c m 2  sec .  

A t  sunspot  maximum the  d e n s i t y  of  p a r t i c l e s  i s  expected t o  inc rease  
t o  approximately 10" p a r t i c l e s  per cmi3, wi th  a v e l o c i t y  i n  t h e  v i c i n i t y  
of 1500 k i lometers  per second. This r e s u l t s  i n  a p a r t i c l e  f l u x  a t  the  
e a r t h ' s  o r b i t  of about  1 .5  x 1 O l 2  p a r t i c l e s / c m 2  sec .  

The k i n e t i c  temperature  i n  the  e a r t h ' s  v i c i n i t y  is  approximately 
220,0OO0C. However, t h i s  w i l l  have a ve ry  s m a l l  e f f e c t  i n  the  hea t ing  
of v e h i c l e s  when one cons iders  t h a t  the  s o l a r  r a d i a t i o n  f l u x  w i l l  amount 
t o  about  1 .4  x 10' ergs/cm2 s e c .  
(September-December 1962) d a t a  obta ined  by a p l a s m a  probe,  p l a sma  energy 
i s  approximately 4.4 x 10'" ergs/cm". 

From an a n a l y s i s  of Mariner I1 

The s o l a r  wind i s  considered t o  encompass the  e a r t h ' s  magnetosphere 
and t o  flow around the  ou te r  boundaries  much l i k e  the  wake of a b u l l e t  
as i t  passes  through a i r .  The magnetosphere i s  thus  f l a t t e n e d  on the  
sunward s ide  of t h e  e a r t h  and e longated  on the  da rk  s i d e .  

Although the  f l u x  of p a r t i c l e s  i n  the  s o l a r  wind is  h igh ,  t h e i r  
ene rg ie s  a r e  r e l a t i v e l y  low. For t h i s  reason ,  i t  i s  expected t h a t  the  
b i o l o g i c a l  r a d i a t i o n  hazard behind a s m a l l  amount of s h i e l d i n g  w i l l  be  
i n s  ign i f  ican t . 

V. SOLAR FLARES 

So la r  f l a r e s  w i l l  undoubtedly be the  source  of r a d i a t i o n  which 
should concern us most dur ing  i n t e r p l a n e t a r y  t r a v e l .  
b u r s t s "  o r  type 3+ f l a r e s  emit  p a r t i c l e s  wi th  near  r e l a t i v i s t i c  v e l o c i t i e s .  
These p a r t i c l e s  have ene rg ie s  comparable t o  the  g a l a c t i c  cosmic r a y s ,  b u t  
t h e i r  f l u x  is  much g r e a t e r .  

The " g r e a t  s o l a r  

So la r  f l a r e s  a r e  a s s o c i a t e d  wi th  the  dark s p o t s  noted on the  photo- 
sphere  of the sun. The da rk  s p o t s  a r e  l o c a l  magnet ic  f i e l d s  of g r e a t  
i n t e n s i t y .  These high magnetic f i e l d s  i n h i b i t  the  outward f low of the 
h o t  gases  from w i t h i n ,  and thus cause cooler  and darker  pa tches  on the  
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eas  " c o l l a  photosphere of the  sun. I f  t h e s e  se" due t o  t h e  bui ldup  
of s t r o n g  pe r tu rb ing  f i e l d s  by t h e  ion ized  g a s  flowing around the  s u n -  
s p o t s ,  then g r e a t  volumes of ionized gases  a re  spewed o u t  i n t o  t h e  
chromosphere. This  phenomenon is known as  t h e  s o l a r  f l a r e .  

Much of t h e  d a t a  p r e s e n t l y  a v a i l a b l e ,  which t e l l s  the  s t o r y  of  
t he  solar f l a r e ,  has  been accumulated by s t u d i e s  of  t h e  v a r i o u s  r a d i o  
wave emiss ions  accompanying the  s o l a r  f l a r e .  The r e f r a c t i v e  index of 
a n  ion ized  medium i s  based upon t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  
medium i t s e l f .  The r e f r a c t i v e  index, p, of a medium (con ta in ing  N 
number of p a r t i c l e s  w i th  charge e and m a s s  m) t o  a wave wi th  frequency 
f is 

Assuming t h a t  e l e c t r o n s  a r e  t h e  p a r t i c l e s  a f f e c t i n g  t h e  r e f r a c t i v e  index 
t h e  m o s t ,  we  may s u b s t i t u t e  the mass and charge of  the e l e c t r o n  f o r  m 
and e .  
w i l l  be  r e f r a c t e d .  

The p o i n t  a t  which p2 = 0 i s  t h e  p o i n t  a t  which the  r a d i o  waves 

Solving our  equat ion  a t  p = 0 ,  w e  f i n d  t h a t  

f = 9 x h?- megacyclesfsecond. 

T h i s  m e a n s ,  t h a t  (assuming N i nc reases  as we approach the  sun) any 
frequency,  f ,  must have o r i g i n a t e d  a t  some d i s t a n c e  from the  sun equal 
t o  o r  g r e a t e r  than the  d i s t a n c e  of which f = 9 x lo-" fi. 

For t h i s  reason  f r equenc ie s  ranging from about  300 t o  30,000 mega- 
c y c l e s / s e c  a r e  assumed t o  o r i g i n a t e  i n  t h e  chromosphere, whereas lower 
f r equenc ie s  a r e  assumed t o  o r i g i n a t e  i n  t h e  corona. A s  t h e  f requency 
becomes lower,  i t  must have o r i g i n a t e d  a t  g r e a t e r  and g r e a t e r  d i s t a n c e s  
from the  sun. 

F igu re  1 i l l u s t r a t e s  when the s p e c i f i c  r a d i o  b u r s t s  occur  and i n  
what f requency range  du r ing  a s o l a r  f l a r e  [ 9 ,  131. Table  4 is  a summary 
of t h e  v a r i o u s  c h a r a c t e r i s t i c s  of r a d i o  emiss ions  from the  sun [9]. 

The f l u x  and ene rg ie s  of the  emi t ted  p a r t i c l e s  are of primary con- 
cern  when cons ider ing  the  e f f e c t s  of s o l a r  f l a r e s .  It i s  imposs ib le  to 
make any s p e c i f i c  s ta tement  a s  t o  the  f l u x  of par t ic les  a t  the  e a r t h  
from any f l a r e .  This  is  because the f l u x  of  p a r t i c l e s  of a p a r t i c u l a r  
energy depends n o t  on ly  upon t h e  c h a r a c t e r i s t i c s  of t h e  f l a r e  i t s e l f ,  
b u t  a l s o  upon t h e  l o c a t i o n  of the  f l a r e  on t h e  s u r f a c e  of t he  sun. I n  
t h e  same sense ,  t he  f l u x  of p a r t i c l e s  i s  dependent upon the l o c a t i o n  of  
t he  e a r t h  a s  i t  o r b i t s  around t h e  sun. 
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Anyone who has  ever watched a r o t a t i n g  lawn s p r i n k l e r  can v i s u a l i z e  
t lw p a t h  which s o l a r  p a r t i c l e s  take  a s  they e r u p t  from t h e  sun (Fig. 2) .  
To an observer  i n  the  pa th  of the  p a r t i c l e s ,  however, t h e  f l u x  would 
appear  t o  be t r a v e l i n g  i n  a s t r a i g h t  l i n e  from t h e  sun. 

Table  5 g i v e s  the ranges  over  which the  magnitude of  t h e  s o l a r  
f l a r e s  may be expected t o  extend.  The wide range  i s  n e c e s s i t a t e d  by 
the  v a r i a b l e s  uhich may e x i s t .  

TABLE 4 

CHARACTERISTICS OF SOLAR NOISE 

- -  - - -. . . . - 
Iden t i fy ing  

::harac t e r i  s t i c s  

_- ~ . - ... 

Source 
Charac t e r i s  t i c s  

Voise s torms Assumed t o  be of a non- 
J sua l ly  l a s t -  thermal o r i g i n ,  assoc-  

t o  days; o r  K centers," and some- 
s u r s t s  of -u t i m e s  f l a r e s .  
second dura- i 
t i on .  

1 
! 

Bursts  wi th  Source i s  d u e  t o  plasma 
slow d r i f t  of o s c i l l  a t  i ons  a s soc  i a  t e c  - -0.3 Mc/sec2 wi th  f l a r e s .  Occur- 
l a s t i n g  from rence  begins  about 
5-10 minutes .  7 minutes  a f t e r  f l a r e .  

ward a t  - 1000 km/sec. 
I The source  moves out-  

I .-- I 
Burs ts  wi th  
f a s t  d r i f t  of - 30 Mc/sec2 
l a s t i n g  s i n g l y  
3-10 s e c  o r  i n  
groups of 1-5 
minutes.  

Assumed t o  be assoc-  
i a t e d  w i t h  p l a s m a  
os c il l a  t ion  a s soc  ia -  
t ed  50-60% of the 
t i m e  w i th  f l a r e s .  
rhe sou rce  has  an 
outward v e l o c i t y  of , 

1 - 10'; km/sec. 
I 

Frequency 
C h a r a c t e r i s t i c s  

Less than - 250 Mc/sec 
wi th  bandwidth 1 - 1 C  
Mc/sec f o r  b u r s t s  and 
10-100 Mc/sec f o r  con- 
t inuum. The i n t e n s i t y  
a t  100 Mc/sec 

Mainly less than 
150 Mc/sec w i t h  t h e  
bandwidth of about  
2 x 10'' o f  the  
observed frequency. 
I n t e n s i t y  a t  100 Mc/sec 
i s  u s u a l l y  

wat t s  
m'(c/sec) to 1~-19 10- 2o 

Ranges from > 40GO 
Mc/sec t o  < 10 Mc/sec 
w i t h  a bandwidth almost  
equal  t o  the frequency. 
The i n t e n s i t y  u s u a l l y  
i s  less than 

w a t t s  
m>(c/sec)  
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Type 

IV 

TABLE 4 (Cont' d )  

Id  en  t i f y ing 
C h a r a c t e r i s t i c s  

Smooth continuum 
l a s t i n g  from min- 

Frequency 
Charac te r  i s  t i c s  

Cover t h e  complete r a d i o  
band b u t  va ry  from b u r s t  
t o  b u r s t .  The bandwidth 
i s  f r e q u e n t l y  s e v e r a l  
oc t aves  wi th  i n t e n s i t i e s  
from 

~~ 

V ISmooth continuum 

1-2 minutes .  
l i i ~ t i i i g  fi-urii 

- 

Micro- 
wave 

." 
Flux  

Continuum and 
b u r s t s  l a s t -  

Energy 

Durat ion 

Or ig in  

Dose 

Source 
Chara c t e r  i s  t i c s  

Source i s  due t o  syn- 
ch ro t ron  r ad ia t ion .  
Occurr ing 70-80% of 
the t i m e  with f l a r e s  
a t  -v 15 minutes a f t e r  
s t a r t .  I n i t i a l  
sou rce  v e l o c i t y  
ranges  from 1-5 x lo3 
km/sec f o r  about  10 
minutes and then 
source  becomes s ta-  
t ionar  y.  

Synchrotron r a d i a t i o n  

maximum of s o l a r  
f l a r e s .  The v e l o c i t y  
of  the source is - 5 x lo3 km/sec. 

___ - __II 

o c c u r ~ i r i g  Lrfui-c  tlie 

Assumed t o  be of syn- 
chro t ron  and poss ib ly  
thermal o r i g i n  assoc-  
i a t e d  about 80% of 
t h e  t i m e  w i t h  f l a r e s .  

wat t s  
m 2  (c /  s e c )  

t o  lo-19 

-i_. ____ - 
Frequencies  less than 

width of  s e v e r a l  Mc/sec 
a t  50-100 Mc/sec. In t ens -  
i t i e s  

2co t.ls/sec w i t k ,  a band- 

w a t t s  
m2(c /sec>* I to 1 0 - l ~  

The frequency range  is  - 1000-20,000 Mc/sec wi th  
a bandwidth o f  s e v e r a l  
oc taves .  The i n t e n s i t y  
is u s u a l l y  y 5 x t o  

a t  I w a t t s  
x 10-20 mz(c /sec> 

3000 Mc/sec. 1 
TABLE 5 (Ref. 6 )  

PARTICLE RADIATION DUE TO SOLAR FLARES 

Range from 3 x lo3  t o  1 . 2  x 104/cm2 s e c - s t e r  d i s t r i b u t e d  iso- 
t r o p i c a l l y ,  and conta in ing  predominantly H? p a r t i c l e s .  

Range from - 10 Mev t o  - 500 M e V .  

Assoc ia ted  wi th  c l a s s  3 or g r e a t e r  f l a r e s ,  which fo l low t h e  

From 10 t o  100 hours.  

s o l a r  cyc le :  -12/yr a t  s o l a r  m a x i m u m  t o  -3/yr a t  s o l a r  minimum1 - 
Depending upon f l u x  and energy ranges  from r a d  t o  lo3  rad .1  

b I J 
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VI.  sPEcriuL LRRADLATION 

O f  a l l  t he  r a d i a t i o n  hazards  which w i l l  be encountered i n  space ,  
t he  e f f e c t s  of s p e c t r a l  i r r a d i a t i o n  a r e  t h e  most d i f f i c u l t  t o  ana lyze  
a t  t h e  p re sen t  time. 
ing the  s o l a r  photon f l u x  i n  t h i s  most importa2t  range  below 3000 A .  
Since r a d i a t i o n  of wavelengths l e s s  than 3000 A i s  s t r o n g l y  absorbcd 
by ou r  atmosphere,  earth-bound s t u d i e s  i n  t h i s  range a r e  most ly  hypo- 
t h e t i c a l .  A r t i f i c i a l  sources  o f  photon f l u x  i n  t h e  X- and "/ray range 
have becsii s t u d i e d  and may inform us a s  t o  the  hazards  which may be 
encoiin t c.1-ed. 

This  i s  t r u e  because of t he  d i f f i c u l t y  i n  s tydy-  

0 

I n  the  reg ion  from about  2200 H t o  2900 A ,  a tmospher ic  ozone 
absorbs  almost a l l  t he  photon r a d i a t i o n .  From about  9000A atmospheric  
oxygen above 75  km absorbs  the  r a d i a t i o n ,  and below 900 A many atmos- 
p h e r i c  c o n s t i t u e n t s  sha re  i n  absorb ing  r a d i a t i o n .  

Table 6 summarizes t h e  percent  of s o l a r  e l ec t romagne t i c  energy 
r a d i a t e d  i n  va r ious  wavelength in tc l rva ls  [ 4 ] .  Figure  3 i l l u s t r a t e s  
t he  wavelength spectrum from the sun,  and Figure  4 i s  a corresponding 
frequency graph [ 1 2 1 .  

TABLE 6 

Wavekength 
A 

< 2000 

2000 - 3800 

3800 .- 7000 

7000 - 10000 

10000 - 20000 

> 20000 

Percent  of s o l a r  Elec t romagnet ic  Energy 

0 . 2  

7.5  

41 .O 

22.0 

23.0 

6.0 

The most hazardous reg ion  of t h e  e l ec t romagne t i c  spectrum i s  t h e  
s h o r t  wavelength X-ray range.  Fortunately, the  most predominant energy 
r eg ion  i s  not  i n  t h i s  range.  

The X- and y - r a d i a t i o n s  i n c r e a s e  a s  s o l a r  f l a r e s  occur . '  The f o l -  
lowing t a b l e  l i s t s  the X-ray  f l u x e s  d e t e c t e d  by rocket -borne  equipment. 
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TABLE 7 

Background and 
B r i g h t  Surge 

Background 

Background 

Background 

F l a r e  2+ 

Flare  2+ 

F l a r e  2+ 

Date 

7 -24-59 

8-7-59 

8-14-59 

8-29-59 

8-24-59 

8-31-59 

9-1-59 

2-8 
ergs/cm2 sec 

1.3 x 

0.1 x 10-2 

0.1 x 10-2 

0.33 x 

2.6 x 

> 8.8 x 10 

8-20 
ergs/cm2 s e c  

9 x lo-2 

2.3 x 

2.3 x lo'* 

16 x 

96 10-2 

> 90 x 10 

~~~ ~ ~ _ _ _ _  ~ 

44-60 
ergslcm' set 

0.15 

0.075 

0.17 

< 0.41 

< i .8 

From most of the  d a t a  p r e s e n t l y  a v a i l a b l e ,  i t  a p p e a r s  t h a t  the  
s p e c t r a l  component of r a d i a t i o n  need n o t  be cons idered .  The e f f e c t s  of 
t he  e l ec t romagne t i c  r a d i a t i o n  on the eyes a r e  apparent .  

V I I .  CONCLUSIONS 

From the  preceding s e c t i o n s  i t  i s  apparent  t h a t  Van Al len  and s o l a r  
f l a r e  r a d i a t i o n s  need be of primary concern dur ing  space f l i g h t .  A long 
d u r a t i o n  e a r t h  o r b i t ,  as w e l l  as an extended e x t r a t e r r e s t r i a l  mi s s ion ,  
must be  adequate ly  p ro tec t ed  a g a i n s t  t he  harmful r a d i a t i o n s  which each 
w i l l  encounter .  

I n  the  case  of an  extended e a r t h  o r b i t  where the  r a d i a t i o n  dose 
may be  accumulated over a per iod  of time, t h e  obvious s o l u t i o n  i s  t o  
have the  personnel  p e r i o d i c a l l y  rep laced  and s e n s i t i v e  in s t rumen ta t ion  
adequa te ly  p ro tec t ed .  By a f requent  replacement  of personnel ,  t h e  dose 
w i l l  n o t  have time t o  accumulate t o  s e r i o u s  p ropor t ions .  Such an  
arrangement would obviously be r equ i r ed  f o r  a manned o r b i t i n g  space  sta- 
t i o n  o r  o r b i t i n g  l abora to ry .  This  might become troublesome t o  t h e  
people  working on a s p e c i a l i z e d  problem t o  which they  have become 
ded ica t ed ,  o r  t o  persons working i n  i n t r i c a t e  a r e a s  where s e v e r a l  
people  would have t o  be t r a i n e d  i n  one s p e c i a l i z e d  a r e a .  Other than 
t h e s e  human f a c t o r s ,  t h e  problems involved do n o t  a p p e a r  t o o  d i f f i c u l t .  
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On an extended e x t r a t e r r e s t r i a l  mi s s ion ,  personnel  cannot  be 
rep laced  as they a c q u i r e  a s p e c i f i c  minimal amount of  r a d i a t i o n .  One 
s o l u t i o n  t o  t h i s  problem might be t o  f r a c t i o n a t e  t h e  dose.  Assuming 
complete sh ie l -d ing  f o r  t he  e n t i r e  v e h i c l e  w i l l  n o t  i n  i t s e l f  be  su f -  
f i c i e n t  t o  cope wi th  any s i t u a t i o n ,  i t  may be more r e a l i s t i c  t o  pro- 
v i d e  an  a r e a  which has  s u f f i c i e n t  s h i e l d i n g  t o  cope w i t h  any r a d i a t i o n  
hazard.  Each member of t he  crew would be r e q u i r e d  t o  spend a c e r t a i n  
p o r t i o n  of h i s  t ime i n  t h i s  a r e a .  During s o l a r  f l a r e s  perhaps a l l  
members of t he  crew could remain i n  t h i s  a r e a  f o r  a s h o r t  per iod  of 
time (about t h ree  t o  fou r  hours ) .  

Such an  arrangement i s  obvious ly  t o  be  inc luded  f o r  conse rva t ion  
of s h i e l d i n g  weight.  The engineer ing  problems encountered may be a 
b i t  more complicated,  b u t  nothing which cannot  be overcome. 

A t  t he  p r e s e n t  t i m e  ve ry  l i t t l e  i s  known of t he  e f f e c t s  of 
r a d i a t i o n  on the  human body, e s p e c i a l l y  the  e f f e c t s  which exposure t o  
r a d i a t i o n  may impose upon f u t u r e  gene ra t ions .  In  a d d i t i o n ,  s e n s i t i v e  
v e h i c l e  i n s t rumen ta t ion  - e s p e c i a l l y  i t e m s  concerned w i t h  t h e  guidance 
and cont ro l ' sys tems and the  s p a c e c r a f t  l i f e  systems - must be  adequa te ly  
t e s t e d  to  e s t a b l i s h  l i m i t s  of r a d i a t i o n  exposure so  t h a t  t h i s  equipment 
may b e  p ro tec t ed  from p o s s i b l e  excess. 
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Figure  2. 
Sola r  flare Travel ,  A s  Seen From Above the  Plane of the  E c l i p t i c  

Pa th  Along Which P a r t i c l e s  From t h e  Sun Following A 
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